Small molecule-based fluorescent probes have been used for realtime visualization of live cells and tracking of various cellular events with minimal perturbation on the cells being investigated.
Given the wide utility of the (histidine) 6 -Ni
2+
-nitrilotriacetate (Ni-NTA) system in protein purification, there is significant interest in fluorescent Ni 2+ -NTA-based probes. Unfortunately, previous Ni-NTA-based probes suffer from poor membrane permeability and cannot label intracellular proteins. Here, we report the design and synthesis of, to our knowledge, the first membrane-permeable fluorescent probe Ni-NTA-AC via conjugation of NTA with fluorophore and arylazide followed by coordination with Ni 2+ ions. The probe, driven by Ni 2+ -NTA, binds specifically to His-tags genetically fused to proteins and subsequently forms a covalent bond upon photoactivation of the arylazide, leading to a 13-fold fluorescence enhancement. The arylazide is indispensable not only for fluorescence enhancement, but also for strengthening the binding between the probe and proteins. Significantly, the Ni-NTA-AC probe can rapidly enter different types of cells, even plant tissues, to target His-tagged proteins. Using this probe, we visualized the subcellular localization of a DNA repair protein, Xeroderma pigmentosum group A (XPA122), which is known to be mainly enriched in the nucleus. We also demonstrated that the probe can image a genetically engineered His-tagged protein in plant tissues. This study thus offers a new opportunity for in situ visualization of large libraries of Histagged proteins in various prokaryotic and eukaryotic cells.
His-tagged protein | Ni-NTA | fluorescent probe | live cell | photoactivation C hemical and biochemical labeling of proteins can elucidate protein function, localization, and dynamics as well as other biological events in live cells (1) (2) (3) . Small molecule-based fluorescent labeling of recombinant proteins holds particular promise as an alternative to fluorescent protein fusion technology (4, 5) without deleterious perturbation of protein functions. A representative technique is small tag-based fluorescent imaging, in which a protein of interest is genetically fused with a short peptide that binds site-specifically to a designed synthetic fluorescent probe. Over recent decades, tremendous progress has been made in using small molecule-based probes to monitor cellular events (6, 7) . In particular, metal-chelation labeling of a protein is attractive owing to its simplicity and high specificity. Among these probes, FlAsH and its derivatives, including ReAsH and SplAsH, are successful small molecule-based metal-containing probes that can light up intracellular proteins fused with a tetracysteine motif (1, 8, 9) . However, this system suffers from drawbacks, including a high background that requires extensive washing (10) , and unsuitability in a cellular oxidizing environment (11) . Nevertheless, the pioneering development of biarsenical-based fluorescent probes inspired researchers to design various probes that target other tagging systems.
-nitrilotriacetate system (Ni-NTA) in molecular biology and biotechnology for affinity chromatography-based protein purification, this system has also been exploited to site-selectively label large libraries of existing hexahistidine-tagged (His-tagged) proteins via conjugation with fluorophores (12-16). Various NTA-based fluorescent probes have been developed via conjugation of fluorophores with mono-NTA (12, 17) or di-, tri-, and tetra-NTA derivatives to either mimic the concept of FlAsH or overcome the weak binding nature of His-tag with Ni 2+ -NTA (K d = 13 μM) (11, (18) (19) (20) (21) . Despite significant increases in stability of the multiple chelator heads/His-tag adducts compared with mono-NTA, negative charges of these moieties might prevent them from entering cells. Indeed, all reported Ni-NTA-based fluorescent probes that target His-tagged proteins are exclusively limited to label membrane proteins because none can cross cell membranes to label intracellular proteins in live cells (15, 17) . A previous claim that a di-NTA dibromobimane conjugate entered cells to target polyhistidine-containing proteins is not convincing because the fluorescence measurement was carried out using whole cells and results were not corroborated with in vivo imaging data (22) . It is thus possible that the observed fluorescence upon treatment of whole cells with the probe could be derived from interaction with polyhistidine-containing proteins on cell membranes.
Recently a di-NTA-based fluorescent probe containing an α-chloroacetamide that targets the Cys-appended His-tag (CysHis 6 -tag) was reported to be able to label intracellular Cys-His 6 -tagged proteins in live cells (16) . However, the di-NTA fluorophore conjugate itself could hardly enter cells, unless the conjugate was attached to a cargo consisting of a cell-penetrating peptide and fluorescent quencher (a dabsyl-appended icosapeptide with a dabsyl group, a tetra-His, and an octa-Arg), enforcing the probe to enter cells to label Cys-His 6 -tagged instead of His 6 -tagged proteins.
Significance
The hexahistidine-Ni 2+ -NTA system is used extensively in protein purification, and large numbers of His-tagged protein libraries exist worldwide. The application of this tagging system to image proteins in live cells would offer significant opportunities to track cellular events with minimal spatial and functional perturbation on a protein of interest. However, previously reported Ni-NTA-based probes suffer from poor membrane permeability and have been limited to label membrane proteins only. Here we report, to our knowledge, the first small fluorescent probe, Ni-NTA-AC, that can rapidly cross cell membranes to specifically target His-tagged proteins in various types of live cells, even in plant tissues. The probe will provide new opportunities for in situ analysis of various cellular events. Furthermore, the probe is relatively large and complicated to make. The consequential high cost of application precludes its use in labeling many existing His-tag libraries of proteins. Moreover, the relatively slow labeling (80% yield within an hour) also hinders its use for real-time imaging. Therefore, it is preferable to design small and simple fluorescent probes with good membrane permeability to rapidly label intracellular His-tagged proteins.
Herein, we present the design, synthesis, and application of a fluorescent probe Ni-NTA-AC that exhibits excellent membrane permeability and can rapidly enter cells to image intracellular His-tagged proteins (Fig. 1A) . The probe targets a His-tagged protein specifically through Ni 2+ -NTA with ∼13-fold fluorescence "turn-on" responses. An arylazide was incorporated into the probe initially with the purpose of overcoming weak binding between Ni 2+ and histidines. Unexpectedly, the arylazide was also indispensable for fluorescence enhancement. We have demonstrated that our probe could image His-tagged proteins in different types of cells, even in plant tissues. The ability to rapidly visualize intracellular proteins genetically fused with a His-tag offers great potential for spatial and functional analysis of libraries of existing His-tagged proteins in different types of live cells.
Results and Discussion
Design and Synthesis of a Fluorescent Probe Ni-NTA-AC. Previously many fluorescent probes used the Ni-NTA system, including di-, tri-, or tetra-NTA derivatives conjugated with fluorophores, but could only label membrane proteins due to poor membrane permeability (11, 18) . We reasoned that negative charges might prohibit crossing of cell membranes, although introduction of multi-NTA to the probes did overcome the weak binding of Ni 2+ -NTA to the His-tag. We therefore designed a probe (Fig.  1A) consisting of a mono-Ni-NTA moiety, a small membranepermeable fluorophore (a coumarin derivative) (23) , and an arylazide moiety. Ni 2+ -NTA targets the His-tag to achieve specific labeling of a protein of interest, and the arylazide group provides an additional covalent bond between the probe and its target protein upon photoactivation (24) to resolve the intrinsic weak binding of Ni 2+ -NTA to His-tag. A linker between mono-Ni-NTA and the fluorophore was designed to allow flexibility in facilitating efficient protein labeling.
We first synthesized a coumarin-based ligand NTA-AC via a three-step synthesis with an overall yield of 64% ( Fig. 1A and SI Appendix, Figs. S1 and S2) by conjugating the NTA moiety with a coumarin fluorophore and arylazide, and the purity of NTA-AC was confirmed by both NMR and electrospray ionization mass spectrometry. The ligand exhibited a maximum absorption at ∼342 nm (e = 11,100 M −1 ·cm −1 ) and emitted at 448 nm (Φ = 0.056; SI Appendix, Fig. S3 ). The low quantum yield of NTA-AC is attributed to the presence of an azide at the seventh position of the coumarin moiety, which quenches the fluorescence of coumarin as reported previously (25, 26) . The probe Ni-NTA-AC was then generated by subsequent incubation of NTA-AC with Ni 2+ (as NiSO 4 ) in buffered aqueous solution. As shown in Fig. 1B , upon addition of equimolar amounts of Ni 2+ to NTA-AC, the fluorescence was significantly quenched by ∼70%, in sharp contrast with the 5% reduction observed in previously reported NTA-DCF conjugate (17) , thus Ni-NTA-AC only has very weak emission at 448 nm. The titration data were nonlinearly fitted using the Ryan-Weber equation (27) , which gave rise to K d of 38 ± 13 nM. To evaluate the binding stoichiometry, a Job's plot was constructed by monitoring fluorescence changes upon complexation of NTA-AC with Ni 2+ at 448 nm excited at 342. Maximum fluorescence changes were observed at a molar ratio of Ni 2+ :NTA-AC of 0.5, indicative of the formation of Ni-NTA-AC complex with a ratio of NTA-AC:Ni 2+ of 1:1 (Fig. 1C) ; this was further verified in electrospray ionization mass spectrum (a peak at m/z 558.6), in agreement with the calculated value of 558.9.
Evaluation of Ni-NTA-AC Probe in Labeling His-Tagged Proteins in
Vitro. To examine the feasibility that Ni-NTA-AC can label a His-tagged protein in vitro, we applied the functional domain of Xeroderma pigmentosum group A (XPA122) as a showcase study. Xeroderma pigmentosum group A serves as a classic form of XP proteins, which is important for repairing DNA damage caused by UV radiation (λ ≤ 310 nm); and the functional domain, XPA122, serves as the site of damaged-DNA binding to initiate DNA repair (28) . Proteins with (denoted as His-XPA122) or without (XPA122) genetically fused His-tag at its N terminus were overexpressed and purified as described previously (SI Appendix) (29) . The interaction of Ni-NTA-AC with the protein was first investigated by fluorescence spectroscopy. Incubation of 10-M equivalents of His-XPA122 with Ni-NTA-AC led to an increase in fluorescence intensity with time, reaching a plateau at ∼9 min, where an approximate 13-fold increase in fluorescence intensity was observed ( Fig. 2A) . In contrast, no obvious fluorescence changes (less than 50% increases) were noted upon mixing of Ni-NTA-AC with XPA122 under identical conditions (SI Appendix, Fig. S4 ). Similarly, premixing of the ligand NTA-AC (without coordination of Ni 2+ ) with His-XPA122 under identical conditions resulted in no fluorescence enhancement at all (SI Appendix, Fig. S5 ). These combined results indicate that Ni-NTA-AC selectively targets the His-tag of the protein through Ni 2+ , resulting in fluorescence turn-on responses. Nonspecific binding is negligible under the conditions used. Although the underlying mechanism of fluorescence turn-on responses of the probe toward His-tagged proteins is not fully understood, it is possible that the sandwich-like structure of the probe with Ni 2+ -NTA moiety weakly bound to the fluorophore is abolished upon binding to His-tagged proteins (30) , then subsequent interaction of the fluorophore with protein targets might lead to fluorescence enhancement. Moreover, the arylazide is also likely to play an important role in fluorescence turn-on because it was reported previously that attachment of arylazide to coumarin at the seventh position led to fluorophore quenching. However, such an effect is abolished upon the reduction of arylazide (25, 31) . The binding properties of Ni-NTA-AC toward His-XPA122 were also studied by isothermal titration calorimetry (ITC), which gave rise to a dissociation constant of 7.1 ± 0.6 μM and binding capacity of 1.4 (SI Appendix, Fig. S6A ), consistent with the weak binding strength of Ni 2+ -NTA to histidine residues. The nonintegral stoichiometry of Ni-NTA-AC binding to the Histagged protein is attributable to the fact that one His-tag possibly binds 1-2 Ni 2+ ions (32, 33) , verified by our MS data (Fig. 3C ). The weak binding might lead to dissociation of the probe from labeled proteins in the complex environments of live cells. To tackle this problem, we incorporated an arylazide with a rationale of providing additional binding between the probe and targeted proteins upon photoactivation. The role of arylazide was examined subsequently. First, we examined the time required for arylazide activation. A mixture of equimolar amounts of His-XPA122 and Ni-NTA-AC was irradiated with 365-nm UV light using a 4-W long-wave compact UV lamp (720 μW/cm 2 ) at different time intervals. Samples were analyzed by SDS/PAGE gel electrophoresis and fluorescence signals were quantified. As shown in SI Appendix, Fig. S7 , a fluorescent band could obviously be seen after 1 min of UV exposure and the fluorescence increased with exposure time and maximized at 10 min, suggesting that the efficiency of photoactivation of arylazide increases correspondingly. A mixture of Ni-NTA-AC and 10-M equivalents of His-XPA122 was thus subjected to irradiation under UV light (365 nm) for 10 min to ensure complete photoactivation of arylazide. As expected, over 10-fold fluorescence enhancement compared with the fluorescence of Ni-NTA-AC was observable owing to the probe binding to His-XPA122 (Fig. 2B) . Upon addition of 40-M equivalents of EDTA to the mixture to strip off Ni 2+ from the probe-protein complex, the observed fluorescence intensities, instead of being decreased, were slightly increased (∼30%), attributable to recovery of the fluorescence being quenched by Ni 2+ (Fig. 2B) . Subsequently, we carried out a similar experiment except under darkness to prevent arylazide from photoactivation. As shown in Fig. 2B , ∼60% decrease in fluorescence were noted, indicating that without photoactivation of arylazide, removal of Ni 2+ from the probe-His-XPA122 complex abolishes the probe's ability to image His-tagged proteins.
The capability of arylazide to strengthen binding between the probe and His-tagged proteins upon photoactivation was also investigated by observation of the probe-protein complex under denatured conditions. The Ni-NTA-AC-labeled His-XPA122 was irradiated with UV light (365 nm) for 10 min, then subjected to SDS/PAGE gel electrophoresis. An intense blue fluorescent band corresponding to His-XPA122 was observable in the SDS/ PAGE, corroborating with strong binding of the probe to His-XPA122 even under denatured conditions (Fig. 2C) . In contrast, no corresponding blue fluorescent band was detected when Ni-NTA-AC (12 μM) was mixed with equimolar amounts of XPA122 or His-XPA122 in the presence of 40-M equivalents of EDTA, which removes Ni 2+ from the probe (Fig. 2C ), in line with the above observations that the probe targets His-tag of XPA122 through Ni 2+ and subsequent photoactivation of the arylazide group strengthens binding between the probe and the protein.
We further examined the role of arylazide within the probe by synthesizing a coumarin-based ligand without arylazide attachednamely, NTA-C, for comparison via a three-step synthesis (SI Appendix, Figs. S8-S10). Addition of equimolar amounts of Ni 2+ led to ∼50% fluorescence reduction for NTA-C (SI Appendix, Fig.  S11A ). Unexpectedly, incubation of Ni-NTA-C with His-XPA122 under similar conditions resulted in no fluorescence enhancement 14, 979) , and peaks at m/z of 15,549 and 16,100 correspond to the protein bound to one and two probes, respectively. The labeling efficiency was evaluated by comparing the peak areas of intact His-XPA122 and the probe bound His-XPA122, to be 46% and 70%, respectively, upon the addition of 1-and 2-M equivalents of the probes to the protein solutions.
(SI Appendix, Fig. S11B ), although Ni-NTA-C still bound to His-XPA122 with an affinity similar to the probe Ni-NTA-AC based on ITC titration data (SI Appendix, Fig. S6B ). Similarly, no evident blue fluorescence was detected on SDS/PAGE when Ni-NTA-C (12 μM) was mixed with equimolar amounts of His-XPA122 (Fig. 2C ). These results demonstrate that arylazide is crucial not only for strengthening binding between the probe and its targets, but also for significant fluorescence turn-on responses toward His-tagged proteins.
We further evaluated the labeling efficiency of Ni-NTA-AC to His-tagged proteins by monitoring reactivity toward His-XPA122. His-XPA122 was incubated with 0, 0.2, 0.5, 1.0, 2.0, 5.0, and 10 M equivalents of Ni-NTA-AC, and subsequently UV-irradiated and subjected to SDS/PAGE (Fig. 3A) . By comparing the fluorescent intensities of the protein bands with respect to those of Coomassie blue staining, we determined that 1-M equivalent of Ni-NTA-AC could label ∼50% of His-XPA122 (Fig. 3B) . We also examined labeling efficacy using MALDI-TOF mass spectrometry. Equimolar amounts of Ni-NTA-AC and His-XPA122 were incubated and then subjected to UV irradiation, followed by MALDI-MS analysis. As shown in Fig. 3C , two peaks at m/z 14,981 and 15,549 were observed, corresponding to the intact protein and the protein with one probe bound (calculated 14,979 and 15,541, respectively). The intensity of the peak at m/z 15,549 further increased upon incubation with 2-M equivalents of the probe to the protein solution. A weak peak at m/z 16,100 was assignable to the protein with two probes bound. By comparing the peak areas, we found that ∼46% and 70% of His-XPA122 were labeled upon addition of 1-and 2-M equivalents of Ni-NTA-AC, respectively (Fig. 3C) , consistent with the results from SDS/PAGE (Fig. 3B) .
Evaluation of Ni-NTA-AC Probe Membrane Permeability and Toxicity.
We then investigated the cell permeability of Ni-NTA-AC in live mammalian cells. We genetically fused a His-tag to the N terminus of red fluorescent protein (RFP; His-RFP) and transiently expressed this fusion protein in HeLa cells. The fluorescence responses to the His-RFP transfected cells upon administration of Ni-NTA-AC were monitored by confocal microscopy using red fluorescence as a reference. As shown in Fig. 4 A and B and SI Appendix, Fig. S12 , blue fluorescence appeared upon treatment of cells with Ni-NTA-AC and reached saturation within 2 min, indicating that the probe can rapidly cross cell membranes, and fluorescence turn-on upon binding to His-RFP can be initiated quickly; this also indicates that the fluorescent probe Ni-NTA-AC can readily label cytosolic proteins such as His-RFP in HeLa as long as the proteins are fused with a His-tag. In contrast, no blue fluorescence was observed after treatment of cells with NTA-AC, i.e., without Ni 2+ coordination, indicating that NTA-AC itself failed to enter cells (SI Appendix, Fig. S13 ). This observation is in line with our rational design of the probe considering charge might be important in determining probe membrane permeability. In the absence of Ni 2+ , the charged hydrophilic NTA moiety remains exposed, thereby prohibiting NTA-AC from crossing cell membranes. Upon coordination of Ni 2+ to the NTA moiety, the overall charge reduces dramatically and, moreover, a sandwich-like structure is probably formed owing to the weak interactions between Ni 2+ -NTA and the fluorophore as well as flexible linker (30), leading to Ni 2+ -NTA moiety to be "buried," which enables Ni-NTA-AC to cross the hydrophobic cell membranes. It should also be noted that neither interaction between NTA-AC and histidines nor the fluorescence turn-on effect was possible without Ni 2+ -binding to NTA-AC. The potential toxicity of the probe in bacterial and mammalian cells was also examined. The viability of E. coli reached ∼99 ± 1% even when 100 μM of Ni-NTA-AC was incubated with the cells (SI Appendix, Fig. S14 ). The viability of HeLa cells investigated by MTT assay showed that over 90% cells remained alive upon incubation with 25 and 50 μM Ni-NTA-AC, again confirming that the probe exhibits no toxicity toward the cells under the conditions used (SI Appendix, Fig. S15 ). We also examined the potential toxicity of UV irradiation to the cells by light microscope. No morphological changes were observed under illumination conditions over 40 min, indicating that the 
Evaluation of Ni-NTA-AC Probe for Labeling of His-Tagged Proteins in
Cells. We first investigated the photoactivation conditions of arylazide for imaging experiments because this is crucial for fluorescence enhancement. We illuminated His-RFP-transfected HeLa cells with different light sources, including 405-nm laser, a DAPI filter cube equipped in the illumination system of the confocal microscope, and the UV lamp using 4-W long-wave compact UV lamp (720 μW/cm 2 ) at different time intervals before confocal imaging. As shown in SI Appendix, Fig. S16 , HeLa cells with His-RFP transfection exhibited the largest blue fluorescence increase upon 1-to 2-min irradiation by a DAPI filter cube, whereas irradiation for 2 min by UV lamp gave rise to lower photoactivation efficiency, similar to that activated by 405-nm laser. Thus, in all cell-imaging experiments, it is not necessary to apply an external light source for arylazide photoactivation. Instead, an illumination system equipped with a DAPI filter cube of the confocal microscope was used for optimal photoactivation within 1 min before image capturing. Cellular autofluorescence was minimized through optimization of imaging parameters using the cells without treatment of Ni-NTA-AC.
To examine the feasibility of the probe in imaging His-tagged proteins in live cells, we investigated the applicability of Ni-NTA-AC for labeling of His-XPA122 in E. coli cells. The probe was incubated with E. coli cells overexpressing His-XPA122 for 30 min at 37°C, then subjected to confocal imaging (n = 5) after washing with Hepes buffer. As shown in Fig. 4C , E. coli cells overexpressing His-XPA122 were stained with blue fluorescence, and subsequent SDS/PAGE analysis of the cell lysates showed that only one protein band with molecular weight of ∼15 kDa exhibited blue fluorescence, verifying that indeed His-XPA122 was the only protein labeled (SI Appendix, Fig. S17 ). In contrast, cells without His-XPA122 expression exhibited no blue fluorescence, revealing the feasibility of the probe in labeling intracellular His-tagged proteins in live bacterial cells. The viability and membrane integrity of these cells were also examined by propidium iodide staining. As shown in Fig. 4C , no cells were stained in red by propidium iodide, suggesting that they are live cells.
Imaging His-Tagged Proteins in Live Mammalian Cells Using Ni-NTA-AC Probe. We further investigated the capability of the probe to label His-tagged proteins inside mammalian cells. HeLa cells with or without His-XPA122 transfection were supplemented with 25 μM Ni-NTA-AC in HBSS buffer for 30 min at 37°C, washed, and subjected to confocal imaging. As shown in Fig. 4D , an intense blue fluorescence located mainly at the nuclei was observed only in the cells transfected with His-XPA122, but not in those cells without transfection. To further confirm the identity of the labeled protein, cells with or without His-XPA122 transfection were treated with the probe and irradiated at 365 nm by UV lamp for 10 min to ensure complete photoactivation of arylazide, then the nuclei of transfected and untransfected HeLa cells were extracted and concentrated, and subsequently subjected to SDS/PAGE for fluorescence imaging and Western blotting (Fig. 4E) . The purified His-XPA122 labeled with Ni-NTA-AC (5 μM) was also used for comparison. The blue fluorescent and Western blotting bands from the nuclei of His-XPA122-transfected cells were similar to those of purified His-XPA122, confirming that the labeled protein was indeed His-XPA122 expressed in HeLa cells. In contrast, no corresponding bands were observed for the nuclei of untransfected cells (Fig. 4E) .
Fluorescent proteins have been widely used to study protein function and localization as well as other biological events in the physiological context of living cells when genetically fused to the protein of interest (34) . However, the use of fluorescent proteins might potentially interfere with the proper localization or function of the protein of interest due to its large size (1), in particular for relatively small proteins. Therefore, small molecule-based fluorescent probes have significant advantages; to demonstrate this, we incorporated His-tagged RFP into the N terminus of His-tagged XPA122 to generate a His-RFP-His-XPA122 plasmid, then transfected HeLa cells to investigate the cellular localization of the protein under identical conditions. Both blue fluorescence (due to Ni-NTA-AC labeling) and red fluorescence (due to the expression of RFP) were observed with colocalization (Fig. 4F) . Interestingly, the fluorescence signals, instead of being enriched in the nucleus as found for His-XPA122 (Fig. 4D) , were distributed evenly throughout the cells, suggesting that RFP disrupts XPA122 localization. The perturbation of protein localization may be attributed to the relatively large size of RFP (27.5 kDa) (5) compared with XPA122 (15 kDa). By contrast, using the Ni-NTA-AC probe, His-XPA122 was found to be enriched in the nucleus, in agreement with the previously reported intracellular localization of XPA, a protein involved in the recognition of DNA damage during nucleotide excision repair processes (16, 29) . Taken together, we demonstrate that the new fluorescent probe Ni-NTA-AC can be preferentially applied to track the abundances and localization of His-tagged proteins in live mammalian cells, in particular for small proteins.
Application of Ni-NTA-AC Probe for Imaging of His-Tagged Protein in Plant Tissues. We finally show that Ni-NTA-AC can label proteins in other eukaryotic systems. Transplastomic Nicotiana tabacum var. Xanthi (tobacco) plants expressing His-tagged Brassica juncea chitinase BjCHI1 (His-BjCHI1) generated as described previously were tested (35) . Protoplasts were extracted from leaves of 4-wk-old wild-type and His-BjCHI1 transplastomic tobacco (SI Appendix, Fig. S18 ) according to previously reported procedures (36) . Upon incubation of protoplasts with Ni-NTA-AC (10 μM) for 30 min, blue fluorescence was detected in the chloroplasts (SI Appendix, Fig. S19 ), where His-BjCHI1 was expressed and subsequently accumulated (35) . Colocalization of blue fluorescence with red autofluorescence of chloroplasts by confocal microscopy was observed only in cells expressing HisBjCHI1, but not in wild-type cells, indicating labeling of HisBjCHI1 in the chloroplasts by Ni-NTA-AC (SI Appendix, Fig.  S19 ). Furthermore, we added Ni-NTA-AC (10 μM) into PBS buffer for root immersion of 7-d-old transplastomic seedlings overnight, which were then washed and blotted dry before imaging. Confocal microscopy of the abaxial surface of transplastomic tobacco leaves revealed blue fluorescence in tobacco leaves expressing His-BjCHI1 (Fig. 5) , suggesting that the probe was taken up through the roots of seedlings and the His-tagged protein inside living leaves was subsequently detected. These results clearly demonstrate that the probe, Ni-NTA-AC, can readily be extended to label His-tagged proteins in various eukaryotic cells, including plant tissues.
Conclusions
The wide prevalence of a (histidine) 6 -Ni 2+ -nitrilotriacetate system in protein purification has led to significant interest in the development of small Ni-NTA-based fluorescent probes to image His-tagged proteins. Given the existing large libraries of Histagged proteins, such probes would have significant impact in functional investigation of intracellular proteins under physiologically relevant conditions. Here, we have to our knowledge developed the first small cell-permeable fluorescent probe Ni-NTA-AC that enables rapid labeling (2 min) and observation of intracellular His-tagged proteins in different types of live cells and even in plant tissues with a plethora of potential applications. The probe exhibits high specificity and labeling efficiency toward intracellular His-tagged proteins. Background staining resulted from binding of the probe to endogenously expressed histidine-rich proteins in certain type of cells might lead to a lower sensitivity compared with fluorescent protein labeling, a similar problem that was also encountered by FlAsH. Nevertheless, it will not prohibit the use of the Ni-NTA-AC probe when the protein of interest is overexpressed. Moreover, the probe posed less perturbation than RFP on protein function and localization in live cells owing to its small size. Further efforts to develop differently colored NTA-AC analogs are underway in our laboratory. A recently developed green probe also exhibits excellent membrane permeability and turn-on fluorescence upon binding to His-RFP in COS-7 cells (SI Appendix, Fig. S20 ). The strategy we reported here should find many possible applications, such as in situ visualization of subcellular localization of proteins, tracking protein trafficking, and monitoring protein dynamics in live cells.
Materials and Methods
NTA-AC was synthesized from 2-(7-azido-4-methyl-2-oxo-2H-chromen-3-yl) acetic acid by the conversion of aromatic amine to arylazide, and subsequently amidation was performed to connect the metal-chelating NTA to the fluorophore, which yielded NTA-AC. NTA-C was synthesized similarly. Ni-NTA-AC (and Ni-NTA-C) was prepared by the addition of 1 M equivalent of NiSO 4 to NTA-AC (or NTA-C) in buffered aqueous solution at pH 7.2. Details of the synthesis of NTA-AC and NTA-C, preparation of the probe (Ni-NTA-AC), characterization, and cell experiments are described in SI Appendix.
